Integral to any warhead is the fuzing system or device. This device is used to accomplish several functions. These are: (1) initiate the explosive train within the warhead leading to the dutonation of its high explosive charge; (2) allow for safe handling of the round prior to its launch and then arming the warhead after launching; (3) detect its environment to allow for detonation of the warhead at the proper time and under the optimum conditions. The fuze therefore plays an important and exacting role in warhead performance. Proper choice and functioning of the fuze gives rise to a highly effective warhead while an inappropriate choice or malfunction of the fuze can seriously reduce the effectiveness of the warhead even to the point of the warhead being a dud.
Fuze research at the Ballistic Research Laboratory, (BRL) has been principally directed at munitions employing shaped charge warheads. These warheads utilize impact-type fuzes which function in a superquick time mode, i.e. their functioning time is of the order of 100 microseconds (ps) or less. The basic objectives of the BRL effort were to improve the performance af the warhead through improved fuze functioning and to provide the warhead with a full frontal area impact sensitivity capability.
To meet these objectives a unique fuze system was devisedl, 2 . The information signal, caused by the impact of the warhead, is sent to the detonator by means of a light pulse that causes the detonator to function. Operation of the fuze is relatively uncomplicated. The inside of the warhead's ogiye is coated with a triboluminescent phosphor 2 , 3 . This phosphor posses the ability to emit light whenever the crystal structure is mechanically disrupted which occurs under impact conditions. Use of this phosphoi permits the entire ogive surface to function as an impact sensor thereby satisfying our second basic objective of providing full frontal area impact sensitivity. A photo-detector which is a light activated silicon controlled rectifier (LASCR), is mounted in the apex of the shaped charge liner. This device senses the light pulse generated upon impact and is switched on. This switching action permits a previously energized capacitor to discharge through the detonator. This starts the 'Glass 4 Efforts are currently under way to adapt this fuze to other shaped charge warheads.
In the test firings of the LAW round, the capacitor was charged by an off-board power supply. Efforts are being made to provide on-board power through use of such devices as thermal batteries and electromagnetic generators. These devices can be incorporated in large caliber munitions fairly easily. Such, however, is not the case for small caliber, 20-40mm, munitions due to their size and weight limitations.
These small caliber rounds generally employ Point Initiating (P.I.) impact type fuzes. Basically, a pin is driven into a suitable explosive to start the initiation sequence. There has been some effort made to utilize piezoelectric generators in these rounds. In general, however, there is no electrical power available in small caliber rounds.
The need for an active power supply for small caliber munitions is readily apparent. By developing such a power source and combining it with the triboluminescent fuze a completely self-contained fuze system could be obtained. Such a fuze system would have a much wider range of application.
Within each round there is available an untapped primal energy source. This source is the thermal energy associated with the burning propellant and its gaseous by-products during the accerleration of the round in the gun tube. By converting this thermal energy, or at least some portion of it, to electrical energy a source of power can be made available. This energy could be stored in a capacitor and used to detonate the warhead at a later time. If the conversion process could be maintained over the projectiIe's time of flight to its target an active power source would be available within the warhead to operate various electronic circuits, such as timing circuits and detection circuits.
This report describes the design of a thermal conversion power supply, or thermoelectric module. Results of the feasibility tests conducted with the module are also presented.
II. BASIC RELATIONSHIPS OF THERMOELECTRIC POWER GENERATION

A. Direct Conversion
The most efficient means of converting the thermal energy generated when a round is fired is through direct energy conversion. By eliminating any intermediate mechanical device, the power supply module can be designed very simply with a minimum of weight. This would also serve to keep the module's cost down.
A schematic of such a direct conversion module is shown in Figure 1 . The main elements of the device are composed of n-type and p-type semiconductor materialswhich are joined at the hot junction by a metallic connecting strip. The external circuit is connected across the cold junctions of the individual elements. By using n-type and p-type conductors the output current is maximized. This type of device is, therefore, a high current low voltage unit. Thus, by combining several of these devices so that their elements are ii parallel and/or series it is possible to produce a wide range of output voltages and currents.
B. Efficiency
In any thermal conversion device, efficiency is of primary concern. For a power supply the efficiency is expressed as the ratio of the useful electrical energy delivered to the external circuit to the energy absorbed from the heat source. Ioffe 6 has shown that the efficiency of a thermoelectric device is dependent upon (1) the hot and cold junction temperatures (2) the internal resistance of the device and the resistance of the external circuit and (3) is a quantity "Z" called the Figure of Merit. This quantity "Z" he used to express the relationship between the Seebeck coefficient of the material, its resistivity and its thermal conductivity. He expressed this relationship as z= F The figure of merit permits the effectiveness of any material to be determined for use in a thermoelectric device based on the properties of the material and not its dimensions. As derived by Ioffe, the efficiency becomes
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As "Z" approaches infinity this expression reduces to the familiar TH -T Carnot efficiency; ,
C. Open Circuit Voltage
Once having made a choice of material for the thermoelectric module its voltage capabilities must be determined. For practical applications, the open circuit voltage is determined by the Seebeck coefficient of the material and the temperature difference between the hot and cold junctions. This is expressed as
where VOC open circuit voltage (volt)
If the assumption that the Seebeck coefficient is independent of temperature is made this expression reduces to simply
D. Power
The power which the module will be capable of delivering will depend upon the open circuit voltage and its own internal resistance as well as the external resistance of the circuit. This can be expressed as By matching the internal and external resistances (rint=rL) maximum power can be transfered.
Equation (6) then becomes
2 rint 2 rin t
The internal resistance of the thermoelements is determined by their length, cross-sectional area and resistivity. This is expressed as
A correction factor is necessary due to the variation of the resistivity with temperature. While the assumptions made in the foregoing theoretical evaluation were extremely broad, the equations which were developed will enable one to design and build a practical thermoelectric module.
III. DESIGN CRITERIA
A. Environment * "When a round is fired the environment created within the cartridge case in the first several milliseconds can be classified as extreme.
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Temperature values may reach as high as 100e. Kelvin and the pressures may extend well into the hundreds of megapascals (MPa), 7 'o With the wide choice of ammunition, it is necessary to quantify the environmental conditions relative to a particular round so as to be able to test the thermoelectric module. The environment associated with the firing of the M552 High Explosive Dual Purposed (HEDP) 30mm round was selected to be the test environment. The cartridge characteristics of this round which are of interest are the nominal operating pressure of 190-210 MPa, and cartridge action time of 3-4 milliseconds. The temperature would be determined under the actual test conditions.
B. Performance
The electrical characteristics which the thermoelectrical device should possess will depend upon its intended use. For these investigations the only consideration is that the device be capable of providing sufficient power to charge a capacitor. This capacitor would then be used to supply the needed energy to initiate a detonator in future tt-sting.
From the wide assortment of detonators from which to choose, the Electric Bridge Wire (EBW) detonator was selected to establish the voltage requirements. This class of detonator has an internal resistance ranging from 0.75 to 10 ohms. The energy required to initiate this type of detonator varies from :00 to 5,000 ergs.
We can determine the voltage requirement for the module from the following expression
where E = energy (joule)
Using an assigned value of 1.5 microfarad (pfd) [ 
14
.4, IV. MODULE CONSTRUCTION Several materials possessing good thermoelectric characteristics were available for constructing the power supply module. Principal among these were lead telluride (PbTe), bismuth telluride (BiTe), bismuth antimonide (BiSn) and silicon-germanium (SiGe). From this list of materials, the BiTe material"° was selected as one of the more promising candidates for power generation.
The construction sequence is illustrated in Figure 2 . To start an ingot of BiTe is reduced to a fine power. Using appropriate doping techniques the BiTe powder is resolidified into wafer form with the wafers having the appropriate "n-type" and "p-type" configurations. Each wafer was then coated with a thin film of high temperature solder foil. The wafers were next inserted into a mini-punch and the small tinned bits stamped out. These bits were then inserted into an insulating matrix in an alternating "n"~lp" arrangment. A printed circuit mask was placed over the entire assembly and a thin copper shoe was deposited, for connecting the tinned bits. Removing the mask and excess copper, a module, as shown in the bottom of Figure 2 is obtained. The first modules produced had 15 junction pairs. These would be used to evaluate the concept. The next set of modules produced had 130 junction pairs. One of each type of module had a thin epoxy heat shield. This heat shield was applied by hand.
The thermoelectric properties of the BiTe material as determined by the manufacturer* are shown in Table 1 . The thermoelectric bits as punched out were 0.079cm in diameter and 0.0305cm thick. The internal resistance at room temperature was calculated from equation 8 to be r = 3x10 ) with O0% or 0.800 watts being delivered to the loa.
For an exposure time of 0.003 seconds an energy output of 2.4x10 joule can be uxpected, much more than is needed.
V. EXPERIMENTAL PROCEDURE
A. Test Apparatus
Construction.
To simulate an actual gun firing, and thus bring about the required environmental conditions, a contrivance known as a "closed vented chamber" was used. This device is basically a heavy walled steel chamber having several ports for the mounting of test specimens and/or instrumentation. The chamber was capable of operation up to 400 Mpa. The pressure is controlled within the chamber by varying the amount of propellant that is used and the thickness of the associated blowout disk that is mounted in one of the ports.
A cross-sectional view of the chamber is shown in Figure 3 . Two .
additional ports "C" and "D", not shown, are located perpendicular to the axis through ports "A" and "B" and are aligned 1800 from each other.
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It is apparent that this device does not truly mirror small caliber gun firings. In actual gun firings the gases produced by the burning propellant cause the cartridge case to expand and force the warhead down the gun tube. As the projectile starts its motion the chamber volume increases causing a decrease in pressure. Simultaneously this volume-pressure alteration permits the burning rate of the propellant to increase. The pressure, therefore, continues to increase to some maximum value, which is generally reached a short distance from the origin of the rifling. Thereafter the pressure decreases. In the closed vented chamber there is no change in volume and the pressure increases steadly till the yield strength of the blowout disk is exceeded and rupture occurs. It is only the approximate risetime and the peak value of the pressure pulse associated with small caliber gun firinge that is simulated.
In addition, the thermoelectric module is to be mounted in the base of the warhead. When it is mounted in the test chamber it will not be subjected to the normal acceleration forces a gun fired projectile would receive.
Despite these shortcomings, the pressure and temperature produced within the test chamber should closely simulate those which are created within the first few milliseconds of an actual gun firing. 'rhey should provide an adequate test not only of the module's performance capability but also its ability to survive for a sufficient period of time.
Pressure Determination.
As mentioned in the section concerning Design Criteria the pressure profile of the M552 30mm round was to be simulated for these experimental tests. To accomplish this Ports "A" and I'D" in the closed vented chamber were sealed off. Port "IB" was adapted to accommodate the necessary blowout disk. An electric match is inserted through Port "C" and was the means used to initiate the propellant. The propellant was then loaded through the cavity located at the top of the chamber. This cavity was then sealed with a pressure transducer. The propellant used during these investigations was Dupont 1MB 8261, a propellant in common usage in small caliber munitions. Several tests were performed in which the amount of propellant and thickness of the blowout disk were varied. Figure 4 shows the pressure profile which most * closely matched the M5S2 round. This simulation was accomplished using 21.8 grams of propelalnt in conjunction with a 2.25mm thick "304" stainless steel blowout disk. All subsequent thermocouple testing was done under these conditions.
In these tests and all subsequent tests the data were recorded on magnetic tape and then processed by an on-line computer. The digitized data was then plotted. Simult~neously the actual data was plotted on an analog recorder. Having adjusted the pressure-time history within the vented chamber to match the M552 round, it is next necessary to determine the temperature of the environment generated within the chamber. To accomplish this objective a series of thermocouple tests were conducted using thin stainless steel disks.
Thermocouples were constructed from 0.025mm Chromel-Alumel wire. These were bonded to thin stainless steel disks whose thicknesses were 0.050, 0.125 and 0.25mm. The diameters of the disks were kept constant at 16mm. One of each thickness of the stainless steel disks was coated with a thermal epoxy heat shield. The thermal epoxy was applied by hand and its uniformity is subjected to question. The objective in evaluating these coated disks was to determine the temperature levels which could be expected should the need of a heat shield arise. The thermocouple specimes were then mounted in Port "A" of the closed vented chamber directly across from the blowout disk. The temperature tests were then conducted in the same manner as the pressure determination tests.
The maximum surface temperature of the disk within the chamber was then determined by using Using the same lot of propellant, the same quantity, (21.8g), and an electric match as the initiator, the heat flux which is generated within the chamber is assumed to be constant. Under these conditions the temperature gradient across the stainless steel disks is directly proportional to their thicknesses. This can be expressed as
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,. T o is the temperature which the thermoelectric module will be exposed too during its testing. Figure 5 and 6 show the type of data obtained in the thermocouple tests. The complete results of these tests are listed in Table II . In Figure 7 the data are plotted as a function of disk thickness. One of the uncoated thermocouples at the 0.05mm disk thickness broke which is why there is only one data point at this thickness. The discrepancy at the 0.125mm thickness was due to a faulty bond between the disk and the thermocouple.
Using Equation 12, the average To temperature is found to be 508 ± 16*C for the uncoated thermocouples and for the thermocouples with the thermal shields the average To temperature is found to be 231 ± 8*C. Use of the thermal shield resulted in a 54% reduction in the value of the temperature the module would be exposed to.
It should be understood that the temperature values that were determined are only simple approximations. The actual temperatures are time dependent while the thermal conductivity is a function of temperature. Another point not considered was the variation in the thermocouple response with pressure''. Since it was the intent of the author to determine qualitatively the temperature within the closed chamber, a more exacting temperature determination will be left to those more involved in the fields of interior ballistics and heat transfer.
B. Thermoelectric Module Tests
Two module configurations were fabricated. The first set of modules contains 15 junctions.
The second set contained of 130 junctions. One of each type of configuration was coated with a thin thermal epoxy heat shield.
Like the thermocouples, each module was inserted into Port "A" of the vented chamber. They were then exposed to the pressure and temperature environment generated by the ignition of the 21.8 g. of propellant. The output of each module was recorded on magnetic tape. Figure 8 and 9 are the recorded data from one of the 15 junction module tests while Figures 10 and 11 are the recorded data from one of the 130 junction module tests.
VI. TEST RESULTS
A complete listing of the modules tested and the results obtained are given in Table III . The number in parenthesis after the module identification number is the number of junctions the module contained. Samples 2 and 6 were open circuited and therefore not tested.
There was a noticable drop in the intensity of the pressure pulse for the tests on samples 4 and 5. This is attributed to the variation in the blowout disk assembly. All the previous tests had been conducted with a single 2.25mm thick stainless steel disk. These " 1 Bundy two tests were conducted using a blowout disk assembly of three 0.75mm thick disks instead of the one 2.25mm thick disk. This was necessitated by the fact that the 2.25mm disks were inadvertently used up in another series of tests. Since the thinner disks had been cut from the same bar stock it was felt that the three disk assembly would closely follow the response of the single 2.25mm thick disk. This, however, did not occur.
A second observable phenomena which was recorded was the inordinately long delay time between the initiation of the electric match and the 10% value of the risetime on the pressure pulse. This time varied between a minimum of 13 milliseconds and a maximum of 365 milliseconds. -fde thermoelectric modules show a long build up in temperature corresponding to the propellant burning. The maximum voltage pulse does correspond to the pressure pulse, however, and the delay does not appear to have any adverse effects on the tests themselves.
Use of the thermal epoxy heat shield produced significantly lower output voltage. For the modules composed of 15 junctions a reduction of 22% was observed and a reduction of 84% was observed for the modules with 130 junctions. This variance is attributed to the method of applying the epoxy by hand without any uniformity of application. The internal resistance of the modules also varied from the calculated values. This can be attributed to the contact resistance in the junction and to possible shorting between adjacent thermoelements.
VII. CONCLUSIONS
It may be concluded even from this small number of test samples that a thermoelectric power generator utilizing the hot propellant gases is feasible. The voltages which were measured while lower than the calculated values were still significant.
The module remained in tact for an appreciable period of time, 3 milliseconds. The time period could possibly be extended for the shorter pressure pulses associated with gun launch.
The use of a heat shield appreciably reduced the thermoelectric voltage output in these tests. The surviability of the unprotected modules appeared to be adequate, therefore the use of a heat shield may not be requried.
The basic theoretical relationships used to design the module appear to be accurate as a first approximation. However, changes in * resistivity and thermal conductivity of the BiTe material with temperature and pressure have not been properly taken into account.
*
Hence, there is a need to better quantify these material properties under experimental conditions.
VIII. RECOMMENDATIONS
Future developmental work on this concept is recommended. This work should include the determination of pressure effects on the thermal conductivity of the thermoelements and acceleration effects on module performance. Other materials, such as SiGe, should be investigated for use in the thermoelectric module. Actual thermoelectric modules should be fabricated,&nd tested in gun firings. Techniques to build more cost effectily should be studied. Mil-Spec testing of the modules should be done as well as aging tests Through such research efforts a thermoelectric power generator can be developed for use not only in large and small caliber munitions but also one which can be used in remote, unattended and hazardous locations.
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